Metabolite carrier proteins of the mitochondrial inner membrane share homology in their transmembrane domains, which also carries their targeting information. In addition, some carriers have cleavable presequences which are not essential for targeting, but have some other function before import. The cytosolic chaperones Hsc70 (heat-shock cognate 70) and Hsp90 (heat-shock protein 90) complex with carrier precursors and interact specifically with the Tom (translocase of the mitochondrial outer membrane) 70 import receptor to promote import. We analysed how the presequences of the PiC (phosphate carrier) and CIC (citrate carrier) relate to the mechanisms of chaperone-mediated import. Deletion of the PiC presequence reduced the efficiency of import but, notably, not by causing aggregation. Instead, binding of the protein to Hsc70 was reduced, as well as the dependence on Hsc70 for import. Hsp90 binding and function in import was not greatly affected, but it could not entirely compensate for the lack of Hsc70 interaction. Deletion of the presequence from CIC was shown to cause its aggregation, but had little effect on the contribution to import of either Hsc70 or Hsp90. The presequence of PiC, but not that of CIC, conferred Hsc70 binding to dihydrofolate reductase fusion proteins. In comparison, OGC (oxoglutarate carrier) lacks a presequence and was more soluble, though it is still dependent on both Hsc70 and Hsp90. We propose that carrier presequences evolved to improve targeting competence by different mechanisms, depending on physical properties of the precursors in the cytosolic targeting environment.
INTRODUCTION
The essential cellular function of mitochondria to generate energy through oxidative phosphorylation also involves the controlled transport of metabolites into and out of the organelle. Most small molecule metabolites are brought across the mitochondrial inner membrane by the metabolite carrier proteins, which are a structurally related family [1, 2] . Like the majority of mitochondrial proteins, the carriers are encoded by nuclear genes, translated by cytosolic ribosomes and imported into the organelle. The import system also sorts the proteins into their final compartment: outer membrane, intermembrane space, matrix, and, for the carrier proteins, the inner membrane. The carrier proteins are thought to follow a defined mitochondrial import pathway. Carriers contain their targeting signals within sequences that eventually form the native structure of six transmembrane helices. Import of the carriers requires components of the outer membrane translocase machinery, including the Tom (translocase of the mitochondrial outer membrane) 70 import receptor and the Tom40 general import pore. The subsequent insertion of the carriers into the inner membrane requires the Tim (translocase of the mitochondrial inner membrane) 22 inner membrane translocase complex and the electrochemical potential across that membrane [3] [4] [5] .
Although the broad outlines of this import pathway appear to be conserved throughout eukaryotes, the early steps are still under investigation. In the cytosol before import, hydrophobic mitochondrial precursor proteins cannot fold, but are kept soluble by the molecular chaperone proteins Hsc70 (heat-shock cognate 70) and Hsp90 (heat-shock protein 90). These ATP-dependent chaperones are responsible for the folding of proteins in the cell, but also fulfil additional functions, including protein transport [6, 7] . Hsc70 and Hsp90 form specific interactions with the Tom70 import receptor in a key step of carrier protein import. Studies of the PiC (phosphate carrier) and AAC (ADP/ATP carrier) found that their import depended on the Tom70-targeting function of Hsc70 and Hsp90 [8, 9] . The strong conservation of this pathway in eukaryotes suggests that it is the general mechanism of carrier protein import. The pathway also appears to be important for some proteins unrelated to the carriers, such as Tom40 itself [10] .
Cytosolic chaperone complexes with these carriers were also found to include the co-chaperones DJA1 (DNAJA1/Hdj2/HSDJ), DJA2 (DNAJA2/Hdj3/Rdj2), Hop, TPR (tetratricopeptide repeat domain) 2 and p23, which regulate the function of Hsc70 and Hsp90. However, the chaperone components do not specifically recognize the targeting signals of the carriers; instead, sorting of carriers is thought to be performed by the Tom70 import receptor. Tom70 has an N-terminal membrane anchor, a central chaperoneinteracting TPR and a C-terminal domain proposed to recognize carrier proteins. Chaperone complexes with carrier protein precursors dock on to the Tom70 TPR domain in the first step. Interactions between Tom70 and precursors are then thought to select carrier proteins to be imported. ATPase cycling of chaperones then promotes the translocation of carriers across the outer membrane [8, 9, 11, 12] . The sequences of bovine PiC (NP_777082), rat CIC (NP_059003), bovine OGC (NP_777096) and mouse AAC (NP_031477) were aligned using T-COFFEE and the N-terminal region is shown. The cleaved presequences of PiC and CIC are shown as white text on a black background. The predicted first transmembrane helix of AAC is underlined. Absolutely conserved residues are marked with a star, and those of high and low similarity with double (:) and single dots (.).
Some carrier proteins are translated as precursors with N-terminal presequences that are proteolytically cleaved after import (Figure 1 ). Unlike the matrix-targeting sequences, carrier presequences are not necessary for import, but still assist import in some other way. Also unlike matrix import signals, carrier presequences do not follow a clear pattern of length or hydrophobicity/polarity. mPiC (mature PiC) lacking the 49-aminoacid-residue presequence could still be imported into the inner membrane similar to full-length pPiC (precursor PiC), but the presequence supported only marginal import when fused to an unrelated protein [13, 14] . The 13-amino-acid-residue presequence of CIC (citrate carrier) was also not required for the import of mCIC (mature CIC), but increased the population of soluble pCIC (precursor CIC) available for import. Curiously, aberrant interactions of pCIC and pPiC presequences with Tom20, the matrix signal receptor, can even interfere with import [15, 16] . The role of presequences in the context of chaperone-mediated targeting is as yet unexplored. Hsc70 and Hsp90 belong to different structural families, and their respective ATPase cycles regulate binding to polypeptide substrates. Hsc70 is thought to preferentially bind hydrophobic sequences with an extended conformation. The features recognized by Hsp90 are less clear, but it has been proposed to bind to surfaces of partially folded proteins [17, 18] . How these modes of interaction apply to carrier protein precursors and presequences in particular remains undefined.
In the present study, we examined chaperone interactions of the newly translated mature and precursor forms of PiC and CIC, and for comparison, OGC (oxoglutarate carrier), which naturally lacks a presequence [19] . The binding of each protein to Hsc70 and Hsp90 was tested in relation to solubility before import. The function of chaperones in import was analysed by inhibition of Hsc70, and by competition of Tom70 targeting using an Hsp90 fragment. The presequences appeared to compensate for different deficiencies of the mPiC and mCIC polypeptides that were not present in OGC.
MATERIALS AND METHODS

Materials
The expression vectors pGEM4 and pGM4Z were purchased from Promega, and pCRII and pPROEXHTa were from Invitrogen. 
Preproteins
Plasmids encoding the bovine PiC, rat CIC, murine AAC and bovine OGC preproteins were constructed as previously described [11, [13] [14] [15] 19] . The preparation of the plasmids coding for preCIC-DHFR (dihydrofolate reductase) (where preCIC is the presequence of CIC), containing the presequence of rat liver CIC fused to DHFR, including three N-terminal amino acid residues of mCIC, and prePiC-DHFR (where prePiC is the presequence of PiC) has been described previously [13] [14] [15] . The carrier proteins were expressed by coupled transcription and translation in vitro in rabbit reticulocyte lysate in the presence of [
35 S]methionine/ cysteine. In the solubility assay, the reticulocyte lysate, containing the radiolabelled proteins, was centrifuged at 40 000 rev./min for 45 min at 2
• C using a Ti50 rotor (Beckman).
Protein purification
The His-tagged TPR1 (residues 1-118) and TPR2A (residues 223-352) domains of human Hop, C-Bag [C-terminal fragment of Bag1M (Bcl-2-associated athanogene 1M)] (residues 151-263) and C-90 (C-terminal fragment of Hsp90α) (residues 566-732) were purified as described previously [8, 20, 21] . The proteins were expressed in BL21(DE3) cells induced with 1 mM isopropyl β-D-thiogalactopyranoside, and the cells were lysed with a French Press and cleared by ultracentrifugation at 28 000 rev./min for 30 min in a Ti50.2 rotor (Beckman). Purification was on nickelSepharose HP (GE Healthcare) equilibrated in 20 mM KH 2 PO 4 (pH 7.5), 500 mM NaCl and 20 mM imidazole, and eluted with 20 mM KH 2 PO 4 (pH 7.5) and 300 mM imidazole, followed by gel filtration on Superdex 200 (GE Healthcare) in buffer CG [20 mM Hepes/KOH (pH 7.5), 100 mM potassium acetate and 5 mM magnesium acetate].
Chaperone-binding experiments
Co-precipitation with the chaperone-binding domains of Hop was tested as described previously [8, 11] . Radiolabelled proteins were diluted 10-fold with buffer CG containing 0.1 % Triton X100 and 2 mg/ml BSA. His-tagged TPR1 or TPR2A domains of Hop were added to the reactions at a final concentration of 10 μM. The protein complexes were recovered by chromatography on Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose. The beads were washed with buffer CG containing 20 mM imidazole and 0.1 % Triton X100 and then analysed by SDS/PAGE.
Mitochondrial import assays
Mitochondria from rat liver were isolated by differential centrifugation as described previously [13] . Briefly, the livers were rapidly excised and placed into STE (sucrose, Tris and EDTA) medium containing 10 mM Tris/HCl (pH 7.2), 250 mM sucrose and 1 mM EDTA at 4
• C. Tissue samples were homogenized on ice using a Teflon Potter homogenizer. The homogenates were centrifuged at 1000 g for 8 min, and the supernatants were centrifuged for 10 min at 8000 g to obtain mitochondrial pellets. The resulting pellets were washed twice with STE medium and centrifuged for 10 min at 8000 g. • C. Then sodium succinate (10 mM final concentration) was added. Inhibition of import by C-90 and C-Bag was assayed by adding purified C-90 and C-Bag to reactions at a final concentration of 20 and 5 μM respectively, as previously reported [8] . After the import reaction, the samples were cooled to 0
• C, incubated with proteinase K (50 μg/ml) for 20 min at 0
• C and then with 1.5 mM PMSF for 5 min at 0
• C to stop the digestion. The mitochondria were re-isolated by centrifugation (10 min, 16 000 g) and analysed by SDS/PAGE, fluorography and densitometry.
Other methods and statistical analysis
Protein concentration was determined by using the Bradford reagent, with BSA used as the standard protein, or by absorbance at 280 nm. Polyacrylamide-gel electrophoresis was performed in the presence of 0.1 % SDS (SDS/PAGE) according to standard procedures. Experimental results are presented as the mean + − S.D.
RESULTS AND DISCUSSION
Chaperones are thought to have a dual role in carrier import: a passive function in maintaining the solubility of the polypeptides, and an active function in targeting to Tom70 and subsequent translocation across the outer membrane. Both pPiC and mPiC were analysed for these aspects. The polypeptides were translated and radiolabelled in reticulocyte lysate, an established model of chaperone activity. Aggregation of the polypeptides was tested by centrifugation after termination of the translation [15] . Approximately half of the pPiC and mPiC present was found in the pellet (Figure 2A and Supplementary Figure S1 at http://www. BiochemJ.org/bj/419/bj4190369add.htm). Solubility in the lysate was expected to depend on both the intrinsic physical properties of the polypeptides, for example hydrophobicity and flexibility, and the ability of chaperones to bind and prevent aggregation. Binding of substrates by the chaperones is itself determined by physical features; Hsc70 is thought to prefer extended peptide stretches, whereas Hsp90 may bind more native-like features. So the aggregation behaviour of pPiC and mPiC may stem from different combinations of intrinsic solubility and chaperone function.
The interaction of the polypeptides with Hsc70 and Hsp90 was therefore tested with an established co-precipitation assay [8, 11] . The co-chaperone Hop contains two chaperone-specific TPR domains: the N-terminal TPR1 domain recognizes Hsc70, whereas the central TPR2A domain binds Hsp90. Both Hsc70 and Hsp90 can be bound by these TPR domains without disturbing their interaction with their substrate, as full-length Hop coordinates the chaperones into a larger substrate-binding complex [20] . Radiolabelled cell-free translated carriers were incubated with purified His-tagged Hop TPR1 and TPR2A, and chaperonebound fractions were recovered using nickel-Sepharose. Previously, pPiC was found to co-precipitate similarly with TPR1 and TPR2A, indicating similar binding to both Hsc70 and Hsp90. In the present study, we observed that mPiC without a presequence co-precipitated very poorly with TPR1 compared to pPiC ( Figure 2B and Supplementary Figure S1 ). In contrast, mPiC co-precipitation with TPR2A was only mildly reduced compared to pPiC. These results suggested that the PiC presequence provides the major binding sites for Hsc70, whereas the main sites of Hsp90 binding are in the mature portion of the carrier. The 49-amino-acid-residue presequence could contain more than one binding site for Hsc70, which is thought to bind to short hydrophobic sequences. Because mPiC did not aggregate more than pPiC, Hsc70 binding to the presequence may not contribute greatly to the solubility of the carrier before import. Hsp90 binding appears to be sufficient to prevent aggregation, and perhaps for targeting and import.
To test these ideas, the importance of Hsc70 for pPiC and mPiC import was examined. As established, the import of mPiC into rat liver mitochondria was clearly observed at approximately half the efficiency of pPiC. To disrupt Hsc70 activity, an excess of the purified Bag1 nucleotide exchange factor domain C-Bag was added to import reactions, to trigger release of substrate polypeptides from Hsc70 [8, 10, 21] . Similar to previous results, C-Bag significantly reduced the import of pPiC compared to untreated control reactions. Remarkably, C-Bag had no effect at all on the import of mPiC ( Figure 2C and Supplementary Figure S1 ). This was consistent with the lack of interaction between mPiC and Hsc70, and a major role of the presequence as an Hsc70-binding site.
The partially reduced import of mPiC compared to pPiC suggested that Hsp90 could not fully compensate for the lack of Hsc70 binding. However, Hsp90 could still be functional in targeting to Tom70. To test this, we analysed the effect on pPiC and mPiC import of a competitor of chaperone-Tom70 docking. C-90 was known to compete both Hsp90 and Hsc70 from Tom70, and to inhibit the import of pPiC [8, 9] . Unlike C-Bag, an excess of C-90 was now observed to inhibit mPiC import ( Figure 2D and Supplementary Figure S1 ), in agreement with the Hsp90 interaction. Furthermore, the results suggest that Hsc70 binding to the presequence is more important for targeting of the carrier than for preventing its aggregation. In this function, Hsc70 most probably does not read out the presequence as a targeting signal, but, along with Hsp90, serves to connect the carrier polypeptide to Tom70.
To extend the study, pCIC and mCIC were compared with the above tests. The 13-amino-acid-residue pCIC presequence is much shorter and less hydrophobic than that of pPiC [15] . Newly translated pCIC was soluble at similar levels to pPiC, but removal of the presequence caused marked aggregation of mCIC, as noted previously ( Figure 3A) . Binding of the polypeptides to Hsc70 and Hsp90 was next assayed by co-precipitation with Hop TPR1 and TPR2A. The pCIC polypeptide was bound to both chaperones at similar levels to pPiC. Surprisingly, the interaction of mCIC with the chaperones was almost identical to that of pCIC (Figure 3B) , despite the very different aggregation behaviour. Thus, unlike for pPiC, the CIC presequence does not provide a chaperone binding site. The increased solubility provided by the presequence may instead be due to its physical characteristics.
This idea suggested that pCIC and mCIC should be similar in their dependence on chaperones for targeting and import. So, we tested the effect on import of Hsc70 disruption by C-Bag. Addition of C-Bag partially but significantly reduced the import of pCIC, similar to the effect on pPiC import ( Figure 3C ). The import of mCIC was similar to that of pCIC, confirming that the presequence does not carry targeting information. As predicted, the import of mCIC was inhibited by C-Bag to the same extent as pCIC. Partial inhibition of pCIC import was also observed with the C-90 competitor of Hsp90, and again, the import of mCIC was similarly reduced ( Figure 3D ). Our results thus show that the chaperones bind in the mature region of CIC, and that this is sufficient to mediate targeting. The strong aggregation of mCIC suggests that chaperone binding in this case is less effective at maintaining solubility. Therefore, as postulated for Hsc70 binding to the PiC presequence, chaperone binding to CIC may be more important for targeting than for aggregation prevention. The latter function is performed by the presequence of CIC.
As a further test, we examined the presequences of pPiC and pCIC fused to an unrelated protein, DHFR. This protein is not normally imported into mitochondria and carries no localization signals; DHFR is also small and folds spontaneously into the native state without requiring chaperones [22] . The fusion proteins prePiC-DHFR and preCIC-DHFR were constructed, bearing the presequences of pPiC and pCIC respectively, and tested for binding to Hsc70 and Hsp90. Co-precipitation with Hop TPR1 showed that prePiC-DHFR was clearly bound by Hsc70, whereas preCIC-DHFR was not bound above background levels ( Figure 4) . In contrast, neither fusion protein was bound by Hsp90, as shown by Hop TPR2A co-precipitation. Thus the pPiC presequence is sufficient for the interaction with Hsc70 but does not confer an Hsp90-binding site, and the pCIC presequence does not interact with either chaperone, consistent with a chaperone-independent function.
The presequences of PiC and CIC appear to use different mechanisms to achieve the same goal of improving import. Nevertheless, many other carrier proteins do not have such presequences. Following our hypothesis, these carriers have not developed presequences in evolution because they already have suitable chaperone-binding sites, and are sufficiently soluble in chaperone complexes for import. Some evidence of this was observed with AAC, which has no presequence. Both Hsc70 and Hsp90 were known to bind AAC, maintaining it in a highmolecular-mass cytosolic complex. Experiments with C-Bag and C-90 showed that the chaperones also functioned in the import of AAC [9] . To verify this, we investigated another carrier lacking a presequence, OGC.
Newly translated OGC showed a similar level of aggregation as pPiC and pCIC, approximately half of the population, and comparable to AAC ( Figure 5A ). Co-precipitation of OGC with the chaperones was assayed, and slightly more OGC was found to co-precipitate with Hop TPR1 than with TPR2A ( Figure 5B ). This suggests that OGC may be bound more by Hsc70 than Hsp90, whereas pPiC and pCIC were bound equally by both chaperones. When the import of OGC into mitochondria was tested, disruption of Hsc70 by C-Bag caused a marked inhibition of import to less than half of the control ( Figure 5C ). This agrees with a function of Hsc70 in the targeting of OGC. The C-90 competitor of Hsp90 inhibited OGC import even more strongly, suggesting that the combined functions of Hsc70 and Hsp90 are important to target OGC to mitochondria. Thus OGC, like AAC, has sufficient chaperone-binding sites to support its import, making the evolutionary development of a presequence unnecessary.
Overall, the results of the present study suggest that the presequences of PiC and CIC improve import competence by different mechanisms, with PiC by providing a binding site for a particular chaperone, Hsc70, and CIC reducing the aggregation of the polypeptide independent of any external chaperone activity. In the case of PiC, the presequence may also provide some targeting information, but this is minimal. The PiC presequence carries a net positive charge, but has sufficient hydrophobic character to be consistent with Hsc70 binding. It may seem surprising that few Hsc70-binding sites are found in the rest of the PiC sequence, considering that it is mostly transmembrane and hydrophobic. However, other potential Hsc70 sites may be blocked by Hsp90 binding to overlapping sites. The substratebinding mode of Hsp90 is still in question, but it is expected to bind to a larger surface of a polypeptide, as suggested by its extended dimeric structure. The PiC presequence may protrude enough from an Hsp90-bound complex to form a handle for Hsc70 binding. The CIC presequence is positively charged and this extra polar character may balance the hydrophobicity of the remaining sequence enough to increase solubilization, a detergent effect. Alternatively, the presequence may interact with parts of the unfolded mature region to block hydrophobicity, slowing aggregation and acting as an internal chaperone.
Many carrier proteins do not have presequences, and must have internal chaperone-binding sites to follow the chaperonemediated import pathway. However, sequence conservation between the carriers is not high. For example, the first transmembrane helix contains the highest homology between carriers [23] , but with notably few identical residues (Figure 1 ). With such divergence, it is possible that each carrier has different chaperone-binding sites, and may have a different dependence on Hsc70 compared to Hsp90. Indeed, much more Hsc70 than Hsp90 seems to bind AAC, whereas the difference for OGC observed in the present study is less extreme. Moreover, there is significant sequence divergence at the N-termini of carriers, and some have extended sequences before their known or predicted transmembrane helices. Some of these sequences may in fact possess the same chaperone-binding or solubility functions as the cleaved presequences, to increase competence for import, although they are not cleaved in the native protein.
Finally, other roles for cleaved presequence and N-terminal extensions during import cannot be ruled out and remain to be addressed. Precursors without cleaved presequences, such as AAC and Tim23 protein, are thought to translocate through the outer membrane pore in a loop conformation, with both polypeptide termini trailing in the cytosol while the central region reaches the intermembrane space [24, 25] . It is interesting to speculate that the presequences or N-terminal extensions of the metabolite carriers aid formation of the translocation loop state. Although the conformation of a precursor before translocation is not known, one AAC polypeptide can be complexed with three Tom70 homodimers on the outer membrane, with multiple chaperones probably also bound [11, 12, 24] . Release from these complexes upon translocation might be more efficient for the central parts of the polypeptide, while presequences (or extensions) might be slower to translocate because of interactions with chaperones, Tom70 or the aqueous solvent. So there might be several 
